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Abstract
The atmospheres of the terrestrial planets are known to have been modified
as a consequence of the impact degassing and atmospheric erosion during the
late accretion. Despite the commonality of these processes, there are distinct
gaps – roughly two orders of magnitude – between the abundances of noble
gases and nitrogen in the present-day atmospheres on Venus, Earth, and Mars.
The element partitioning on planetary surfaces is thought to be significantly
different between the three planets ∼4 Ga: the runaway greenhouse on Venus,
the carbon-silicate cycle and ocean formation on Earth, and the CO2-ice and
H2O-ice formation on Mars. Consequences of element partitioning for the at-
mospheric evolution during the late accretion onto Venus, Earth, and Mars are
investigated with a numerical model. We set upper limits to the partial pres-
sures of CO2 and H2O on Earth and Mars, which corresponds to the state of
phase equilibrium and carbon-silicate cycle. The final N2 mass shrinks by ∼40%
and ∼15% for Earth and Mars, respectively. The effect of element partitioning
is found to be insufficient to reproduce the gaps. For Venus, the survival of the
primordial atmosphere through the late accretion may partially account for the
present-day atmosphere. Whereas on Mars, the atmospheric escape due to solar
extreme UV and wind may have also influenced the atmospheric evolution.
Keywords: Atmospheres evolution, Earth, Impact processes, Mars
atmosphere, Venus atmosphere
1. Introduction
Atmospheres on terrestrial planets are believed to form as a consequence
of volatile delivery and atmospheric erosion by impacts of numerous asteroids
and/or comets (e.g., Abe and Matsui, 1985; Melosh and Vickery, 1989; de Niem
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et al., 2012; Schlichting et al., 2015). The impacts do not only supply volatiles,
but also remove part of the pre-existing atmospheres by impact erosion.
During the terrestrial planet formation, several tens of Mars-sized protoplan-
ets were formed through the accretion of planetesimals. Subsequently, several
giant impacts between these protoplanets occurred at the late stage of the ter-
restrial planet formation (e.g., Kokubo and Ida, 1998). If the protoplanets grew
in the presence of the nebula, they have captured a primary atmosphere of
nebular gas (e.g., Ikoma and Genda, 2006).
According to the record on the Moon, the planets also experienced accretion
of numerous impacts after the giant impact stage, which is called late accre-
tion (e.g., Bottke et al., 2010; Chou, 1978). Volatiles in the accretion bodies
were vaporized forming a secondary atmosphere from impact degassing and/or
volcanic degassing. The late accretion includes the Late Heavy Bombardment
(LHB), which is a spike of impact frequency between 4.1 to 3.8 Ga inferred from
the craters on the Moon. The excess of highly siderophile elements in Earth’s
mantle may reflect the additional meteoritic influx after core formation, which
is called Late Veneer (e.g., Chou, 1978). The total mass of the late accretion
is estimated to range from ∼1% to ∼2.5% of the planetary masses (e.g., Bot-
tke et al., 2010; Marchi et al., 2018). The period of the late accretion extends
from the time of core-mantle differentiation, namely, the magma ocean phase,
to that of the LHB. The magma ocean phase would last a few Myrs for Earth
and Mars (Elkins-Tanton, 2008; Hamano et al., 2013). The origin of the late
accretion impactors is unknown, but geochemical studies (e.g., Fischer-Go¨dde
and Kleine, 2017; Dauphas, 2017) have shown that the isotopic compositions of
the late veneer in Earth’s mantle is more similar to enstatite chondrites than
carbonaceous or ordinary chondrites.
Noble gases and nitrogen (N) contained in the atmosphere provide important
clues to the origins of volatiles forming the atmosphere, oceans, and life (H, C, N,
O, S, and P). Due to noble gases and to a lesser extent N being chemically inert
(e.g., Marty, 2012), they have mainly been partitioned into the atmosphere since
∼4 Ga, and so their abundances record the history of atmospheric formation
and evolution.
A similarity in the abundances of noble gases and N in the atmospheres
of Venus, Earth, and Mars with chondrites may suggest the same origin (e.g.,
Pepin, 1991; Marty et al., 2016). However, there are distinct gaps in the abun-
dances in the atmospheres on the three planets: compared to Earth, Venus is
enriched and Mars is depleted in noble gases by roughly two orders of magni-
tude, respectively (Figure 1). The origin of these gaps is poorly understood.
Since the noble gases and N are inert molecules, it is possible that these gaps
were created during the early stage of atmospheric formation and evolution.
To a first approximation, the depletion pattern of noble gases and N in the
planetary atmospheres follows the trend in chondritic values, but some differ-
ences between the planetary and chondritic abundances imply secondary effects:
for instance, cometary additions to noble gases in the planetary atmospheres
(e.g., Marty et al., 2017) and preferential loss of xenon (Pujol et al., 2011). The
ratio of N to noble gases differs between three planets, which may be caused by
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the difference in partitioning of N into the mantle between them due to N being
less inert than noble gases (Mikhail and Sverjensky, 2014; Wordsworth, 2016).
Whereas these differences suggest additional complexities of the atmospheric
evolution, we aim to explain the most distinct gaps: the orders-of-magnitude
gaps in the abundances noble gases and N between three planets.
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Figure 1: Abundances of noble gases and N in CI chondrites and terrestrial planet atmospheres
and known crustal reservoirs relative to Si with respect to the corresponding solar ratios (data
are from Pepin (1991)).
We investigate a possible explanation of these gaps involving the direct effect
of impacts. Genda and Abe (2005) proposed one possible scenario that explains
the differences in the atmospheric contents of argon, krypton and xenon on
Venus and Earth. By using numerical simulations, they demonstrated that the
presence of oceans significantly enhances the loss of atmosphere during a giant
impact and it can determine its subsequent atmospheric amount and composi-
tion. Protoplanets on orbits similar to Earth are expected to have had oceans,
whereas those with Venus-like orbits are in the runaway greenhouse state (e.g.,
Hamano et al., 2013, 2015). As a result, a noble gas-rich primordial atmosphere
survived on Venus, but not on Earth. However, the following late accretion
might have influenced their atmospheres.
Even after the giant impact stage, the terrestrial planets have experienced
numerous impacts. de Niem et al. (2012) demonstrated that the atmospheric
pressure had strongly increased for both Earth and Mars during the LHB. They
also found that the initial pressure does not matter much compared to volatiles
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added by impact delivery. This means that the differences in the atmospheric
content on Venus and Earth might have changed after giant impacts. Therefore,
it is important to investigate the atmospheric evolution during the late accre-
tion to understand the origin and evolution of planetary atmospheres. In this
study, we constructed a numerical model of impact degassing from impactors
and atmospheric erosion on Venus, Earth, and Mars during the late accretion.
Partitioning of elements in different surface reservoirs might influence the re-
sulting noble gases and N abundances: the runaway greenhouse on Venus (e.g.,
Kasting, 1988; Hamano et al., 2013), the carbon-silicate cycle on Earth (e.g.,
Walker et al., 1981), and the CO2-ice formation on Mars (e.g., Forget et al.,
2013; Nakamura and Tajika, 2003). Although noble gases and N are mainly
partitioned into the atmosphere, the distinct environments on the three planets
may have created the differences in their concentrations in the atmospheres,
leading to the various escape rates of noble gases and N due to impact erosion
(see subsection 2.3 for details).
The purpose of this work is to investigate the atmospheric evolution of Venus,
Earth, and Mars during the late accretion considering the effect of element
partitioning. We describe our model in Section 2. Numerical results for the
noble gases and N abundances in the atmospheres and their dependence on
parameters will be shown in Section 3. We discuss the origin and evolution of
the atmospheres of the three terrestrial planets in Section 4, and summarize our
conclusions in Section 5.
2. Numerical Model
2.1. Variables
Table 1 lists the variables and their meanings in our model.
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Table 1: A list of variables and their meanings in our model
D impactor diameter T planet surface temperature
V entry velocity of impactor H scale height
Mimp impactor mass ρ0 atmospheric density
ρimp impactor density matm atmospheric mass
Σimp cumulative impactor mass matm,i mass of volatile species i in the atmosphere
Σtotimp total impactor mass m¯ mean molecular mass
x abundance of volatiles in an impactor mi volatile component molecular mass
xi abundances of volatile species i in an impactor Ni molecular numbers
XC parameter for volatile abundance in an impactor P total pressure
Rt planetary radius Pi partial pressure
Mt planetary mass P
crit
i upper limit of partial pressure
uesc planetary escape velocity ξ impact energy parameter
ρt planetary mean density η atmospheric erosion efficiency
α impact angle ζ impactor’s escaping efficiency
Vground impact speed at ground level ma eroded atmospheric mass
V∞ expansion speed of vapor plume mv eroded impactor vapor mass
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In our model, the atmosphere is assumed to contain three components of
volatiles: CO2, H2O, and N2+non-radiogenic noble gas. The number i rep-
resents each atmospheric component (1: CO2, 2: H2O, 3: N2+noble gases).
Since the amount of noble gases is small, we assume that N2 represents the
third component. We note that N can be more easily partitioned into other
reservoirs than noble gases (e.g., Pepin, 1991). Because the difference in N par-
titioning between three planets are poorly constrained and controversial (e.g.,
Mikhail and Sverjensky, 2014; Wordsworth, 2016), we assume that N is parti-
tioned into the atmosphere. The partitioning may decrease the N abundance
in the atmosphere by a factor, but it would hardly change our discussion about
the orders-of-magnitude difference in the abundances of noble gases and N.
2.2. Overview
We focus on the impact of element partitioning on the abundances of noble
gases and N remaining after the late accretion in order to reconcile the gaps in
the present-day atmospheres on Venus, Earth, and Mars. The partitioning CO2
and H2O into reservoirs other than the atmosphere would increase the relative
concentration of noble gases and N in the atmosphere so that their erosion rate
due to impacts might be enhanced.
Our model calculates the amount of noble gases and N acquired by the ter-
restrial planets through impact degassing and atmospheric erosion during the
late accretion (e.g., Pham et al., 2009, 2011; Pham and Karatekin, 2016). We
note that we define impact degassing as the degassing from impactors. Neither
degassing from target due to impacts nor volcanic degassing are considered in
our model, but they will be discussed in subsection 4.7. We assume all volatiles
contained in the impactors were degassed during the impact, contributing to
atmosphere delivery. The assumption is valid for impactors whose impact ve-
locities exceed 5 km s−1, which occurs for planets heavier than one Mars mass
(Catling and Kasting, 2017). We note that it is not strictly the case, as part
of the impactor does not melt or is lost back to space (Svetsov and Shuvalov,
2015). After the impact, a huge jet, called a vapor plume, may rise from impact
location and erode part of the atmosphere. Some realistic numerical simula-
tions of the atmospheric erosion have been performed by Shuvalov (2009) and
Svetsov (2000, 2007), and we adopt scaling laws obtained from these numerical
simulations, as shown in subsection 2.5.
The net change in atmospheric mass per unit impactor mass is given by
deterministic differential equations,
dmatm
dΣimp
= (1 − ζ)x− η (1)
d(miNi)
dΣimp
= (1 − ζ)xi − η
(miNi)
matm
, (2)
where matm is the atmospheric mass, Σimp is the cumulative impactor mass,
x and xi are the abundance of all volatiles and that of species i, mi is the
molecular mass, Ni is the molecular number of each volatile component, η is
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the erosion efficiency of the atmosphere, and ζ is that of the impactor vapor.
In Equations 1 and 2, the first term on the right-hand side corresponds to
the atmospheric supply and the second term to the atmospheric loss. The
atmospheric erosion efficiency η, and impactor’s escaping efficiency ζ are defined
as the masses of the removed atmosphere and impactor per unit impactor mass,
respectively (Shuvalov, 2009; Svetsov, 2000, 2007). In the right-hand side of
Equation 2, atmospheric loss mass is proportional to the abundance of each
species in the atmosphere. Therefore, element partitioning on the planet surface
is important for atmospheric erosion. We assume an isothermal atmosphere. We
also calculate the total pressure and each partial pressure by,
P =
gmatm
4piR2t
(3)
Pi =
gm¯Ni
4piR2t
, (4)
where P is the total pressure, Pi is the partial pressures, g is the gravitational
acceleration, Rt is the planetary radius, and m¯ is the mean molecular mass of
the atmosphere.
Our model does not explicitly treat other mechanisms which might be re-
lated to the atmospheric evolution: survival of a primordial atmosphere (Genda
and Abe, 2005), atmospheric escape due to the solar extreme UV and wind
(e.g., Jakosky and Phillips, 2001; Jakosky et al., 2017), and volcanic degassing
(e.g., Grott et al., 2011). The influence of these processes will be addressed in
Discussion.
In our model, we consider the differences in element partitioning on the
surfaces of three planets (subsection 2.3). We use the present-day masses and
sizes of Venus, Earth, and Mars and we assume the amount of the late accretion
to be 1% of each planetary mass (Bottke et al., 2010). Details of this model are
given in the following sections.
2.3. Elemental partitioning on planetary surfaces
In order to consider partitioning of elements on the surface of each planet,
we set the upper limits to the partial pressures of H2O and CO2 considering
the phase equilibrium and the steady state of the carbon-silicate cycle on Earth
and Mars (Figure 2).
The runaway greenhouse state (Kasting, 1988) is assumed on early Venus.
All volatiles (H2O, CO2, and N2) are assumed to be partitioned into the atmo-
sphere. The greenhouse effect of water vapor resulted in a high temperature
and here we assume T = 2500 K (Hamano et al., 2013), though early Venus in
a habitable condition has been also proposed (Way et al., 2016). In fact, Venus
might have been heated by repeated large impacts in a short time. Subsequently,
the surface temperature would have decreased quite fast and stay below 2000
K. We will discuss the dependency on the assumed temperature in subsection
3.3.
The formation of oceans and a carbon-silicate cycle are assumed on early
Earth. The surface temperature on Earth is estimated to be 273 K to 360 K
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Figure 2: Surfacial environments on early Venus, Earth, and Mars. We assume the runaway
greenhouse state on Venus, formation of oceans and carbonate on Earth, and formation of
H2O-ice and CO2-ice on Mars. The critical partial pressure P criti set an upper limit to the
partial pressure of chemical species i due to phase equilibrium (H2O on Earth and both H2O
and CO2 on Mars) or global carbon-silicate cycle (CO2 on Earth).
(Kasting, 1993) and so we assume T = 288 K. The vapor-liquid equilibrium sets
an upper limit to the partial pressure of H2O, P
crit
H2O
= 1.7× 10−2 bar (Murphy
and Koop, 2005). The negative feedback of the carbon-silicate cycle forces PCO2
to reach the steady state. We treat the effect of carbon-silicate cycle by simply
setting an upper limit to PCO2 and treat it as a free parameter. We assume
a value expected as the steady state P critCO2 = 1 bar in the standard model and
we also investigate the dependencies on its value by considering the parameter
space from 0.1 bar to 10 bar (Kasting, 1993). We note that this assumption
neglects the time lag to reach the steady state, which maximizes the effect of
the difference in the surfacial environments on the abundances of noble gases
and N2.
H2O-ice and CO2-ice are assumed to have formed on early Mars. Possible
surface temperatures on early Mars range from 200 K (Forget et al., 2013) to
273 K, which allows an ocean to form. We choose T = 223 K as the reference
value. The vapor-ice equilibrium sets upper limits to PH2O and PCO2 . We
assume P critH2O = 3.9 × 10
−6 bar (Murphy and Koop, 2005). The upper limit of
CO2 partial pressure is assumed to be P
crit
CO2
= 3 bar in the standard model,
which was obtained as a maximum pressure in the condition without CO2-ice
by a 3D global circulation model of a CO2-dominated atmosphere (Forget et al.,
2013). We also treat P critCO2 as a parameter and calculate for the range from 6
mbar to 3 bar in the calculation.
The period of the late accretion extends from the magma ocean phase to that
of the LHB. We neglect interactions between the atmospheres and the magma
oceans in our model. The presence of magma oceans might have allowed volatiles
to also be partitioned into them (e.g., Moore et al., 1995; Abe and Matsui,
1988; Zahnle et al., 1988; Elkins-Tanton, 2008; Salvador et al., 2017; Marcq
et al., 2017). Calculating the evolution of the magma ocean depth is required
to estimate the partitioning into magma oceans. The amount of dissolved H2O
can be larger than that in the atmosphere for a deep magma ocean, but smaller
for a shallow magma ocean (Hamano et al., 2013). The partitioning into a
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magma ocean is less efficient for CO2 and N2 (Salvador et al., 2017). In contrast
to Venus, the magma ocean phase would have been short (a few Myrs) for
Earth and Mars (Elkins-Tanton, 2008; Hamano et al., 2013). In addition, a
large impact itself could induce large scale melting and degassing of the target
(Gillmann et al., 2016). Instead of constructing a complex model taking the
surface evolution into account, we decide to fix the surface conditions of three
planets in the period of the late accretion, but we evaluate the influence of the
difference in the element partitioning for wide parameter ranges, which cover
the surface environments evolved through time. This approach allows us to infer
a limit on the possible influence of evolving surface conditions.
2.4. Late accretion impactors
The origin of late accretion impactors is unknown and so we treat the abun-
dance of volatiles in an impactor as a parameter XC, assuming the volatile
abundances of carbonaceous chondrite -like volatile-rich impactors as a refer-
ence value. We assume the reference abundances are as follows and multiplied
the parameter XC in order to simplify the model: an impactor contains 2% CO2
(de Niem et al., 2012), 10% H2O (Raymond et al., 2004), and 0.2% N2 (Grady
and Wright, 2003).
Recent geochemical studies suggested that the late accretion was mainly
composed of enstatite-chondrite-like, relatively volatile-poor impactors (Fischer-
Go¨dde and Kleine, 2017; Dauphas, 2017). Therefore, in most of our calculations,
we assume XC = 0.1 as a nominal value. Since the composition of enstatite
chondrites have a large variation, we simply vary the parameter value as XC =
1, 0.1, and 0.01. The total mass of impactors Σtotimp is assumed to be 1% of each
planetary mass.
The initial abundance of the atmosphere and its composition at the end of
the giant impact stage are also unknown factors. de Niem et al. (2012) argued
that the initial atmospheric pressure is only an additive constant to the final
pressure. In our standard model, we assume the initial atmospheric surface
pressure 0.1 bar and its composition are the same as the volatile components
in the impactor. The dependence on initial atmospheric surface pressure is also
discussed in subsection 4.3.
2.5. Atmospheric erosion and impactor retention models
When a small body enters the atmosphere of a planet, the atmospheric gas is
compressed and displaced, decreasing the impactor speed (e.g., Svetsov, 2000,
2007). The impactor’s kinetic energy converts into the kinetic energy of gas
flow expanding outward (e.g., Svetsov, 2000), forming a vapor plume of partially
vaporized impactor and target planetary material (e.g., Svetsov, 2007; Shuvalov,
2009). Through this sequence of an impact, part of the impact vapor plume and
atmospheric gas is removed. Pham and Karatekin (2016) developed a tangent
plane model with an upper limit on the amount of eroded atmospheric gas,
which is not included in our model. We note that Svetsov (2005) demonstrated
hydrodynamical simulations of large impacts over hundreds of kilometers in
diameter regarding the impact-produced rock vapor atmosphere.
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Realistic numerical simulations of atmospheric erosion were given in 3D ge-
ometry by Shuvalov (2009), and in 2D cylindrical geometry by Svetsov (2007).
Both studies suggested scaling formulas for atmospheric effects. Shuvalov et al.
(2014) later modified his previous model (Shuvalov, 2009) by considering the
effect of aerial burst and fragmentations of projectile during the entry of small
projectile into a dense atmosphere, which may slightly enhance the atmospheric
erosion for the case of Venus compared to Shuvalov (2009). de Niem et al.
(2012) pointed out that the atmospheric erosion behavior of the Shuvalov (2009)
model is uncertain for large impactors because he only used diameters from 1
km to 30 km for the impactor. Therefore, we adopt Svetsov (2000, 2007) for
the atmospheric erosion efficiency η, and Shuvalov (2009) for the impactor’s
escaping efficiency ζ.
2.5.1. Svetsov (2000, 2007) model
Svetsov (2000) proposed an analytical model with emphasis on the fragmen-
tation of objects decelerated by the atmosphere. He regarded the meteor entry
phase in an analytical pancake model (Hills and Goda, 1993). The atmospheric
erosion efficiency is given by,
ηSv ≡
ma
Mimp
=
3ρ0
4ρimp

2H
D
+
16H2ρ
1
2
0
3D2ρ
1
2
imp
+
16H3ρ0
D3ρimp

 ·
(∫ 1
X
(1− x2)kdx∫ 1
0 (1− x
2)kdx
)
· fα, (5)
where ma is eroded atmospheric mass, ρ0 is atmospheric density, ρimp is im-
pactor density, H is scale height of the planetary atmosphere, D is impactor
diameter, X is defined by X ≡ min{1, uesc/V∞}: the ratio of the planetary es-
cape velocity uesc to the asymptotic expansion speed of the vapor plume V∞ =
Vground
√
4γ/(γ − 1), γ is the adiabatic coefficient of the gas, and k indicates
how the gas expands outward related to γ. We use a value of ρimp = 3.32 g/cm
3
suggested by Shuvalov (2009), and k = 5 corresponding γ = 1311 suggested by
Svetsov (2007). The impact speed at ground level Vground is related to the entry
velocity V as,
Vground = V exp

− ρ0
ρimp

H
D
+
2H2ρ
1
2
0
3
4D
2ρ
1
2
imp



 . (6)
In the calculation, the impactor velocity distribution is considered for the entry
velocity V as explained in subsection 2.6.
The last term fα in Equation 5 is a correction factor for the impact angle
distribution by Svetsov (2007) that is defined as,
fα =
∫ pi
2
0
dα (1 + 2 sin(2α))2 sin(2α)
= 5 + pi −
4
3
, (7)
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where α is impact angle and is applied in our model.
2.5.2. Shuvalov (2009) model
Our model calculates the escaping efficiency of the impactor vapor plume
by using the model of Shuvalov (2009). We note that using a different model
(Vickery and Melosh, 1990) showed similar results (less than 10 % difference in
the final N2 mass at the point of Σimp = 0.01×Mt).
Shuvalov (2009) is the most extensive 3D hydrocode study that investigated
the atmospheric erosion and impactor retention using realistic equations of state.
Oblique impacts were also considered in this model. The dimensionless mass of
escaping projectile material ζ was approximated as a simple analytical formula
with the dimensionless erosion power ξ by,
ζSh =
mv
Mimp
= min
{
0.035
ρt
ρimp
·
V
uesc
(log ξ − 1) ; 0.07
ρt
ρimp
·
V
uesc
; 1
}
(8)
ξ =
(
D
H
)3
ρimpρt
ρ0(ρimp + ρt)
max
{
V 2
u2esc
− 1; 0
}
, (9)
where mv is eroded impactor vapor mass, ρt is planetary material density and
the value of ρt = 2.63 g/cm
3 suggested in Shuvalov (2009) is also adopted in
our model.
By substituting erosion efficiencies ηSv, ζSh into Equation 1 and 2, we cal-
culate the evolution of early atmospheres during the late accretion.
2.6. Numerical method
We numerically integrate Equations 1 and 2 over time until the cumulative
impactor mass reached the total mass: 1% of the planetary mass. At each
numerical step of the cumulative impactor mass, the erosion efficiencies η and
ζ are averaged over the impactor size and velocity distributions by,
η¯ =
∫
M
∫
V
ηfV (V )fM (D)dV dD (10)
ζ¯ =
∫
M
∫
V
ζfV (V )fM (D)dV dD, (11)
where fV (V ) is the frequency distribution function of the impact velocity V
and fM (D) is that of impactor size D, which is a mass-weighted frequency
distribution function defined as follows.
The impactor size distribution is assumed to depend on the impact diameter
as dN(D)/dD ∝ D−3 where N(D) is the number of objects of diameter smaller
thanD, which corresponds to that of the present-day main belt asteroids (Bottke
et al., 2005). The average erosion efficiency over the projectile size range of
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10−1.5 km ≤ D ≤ 103 km is used in our model. By considering the impactor
volume, the probability function of impactor mass is obtained as,
fM (M)dM ∝ D
3 ·
dN(D)
dD
· dD
∝ D0dD
∝ 10log10 Dd(log10D) (12)
where the integration of D is separated into logarithmic bins.
For the impact velocity distribution, we assume a Rayleigh distribution,
which corresponds to the Gaussian eccentricity impactors from the terrestrial
planet feeding zone . This assumption is based on Ida and Makino (1992),
which demonstrated that the eccentricity of planetesimals in the feeding zone
excited by a protoplanet can be approximated by Gaussian. The probability
distribution function of the impact velocity is obtained by,
fV (V ) ∝
√
V 2 − u2esc exp
{
−
V 2 − u2esc
2u2esc
}
, (13)
and we calculate the average over the range of 10.4 km s−1 ≤ V ≤ 44.8 km s−1
for Venus, 11.2 km s−1 ≤ V ≤ 48.4 km s−1 for Earth, and 5.03 km s−1 ≤ V ≤
21.8 km s−1 for Mars. We note that the dependence on the maximum value of
the impactor velocity distribution is small.
The fractional impactor mass increment ∆Σimp is calculated at every step
by,
∆Σimp = Σ
(n+1)
imp − Σ
(n)
imp = 10
−2 ·
δmatm
m
(n)
atm
=
10−2
(1− ζ)x − η
·m
(n)
atm, (14)
where n and n+ 1 are the numbers of steps.
3. Results
3.1. The evolution of atmospheres during the late accretion
To investigate the effect of element partitioning on the final noble gases and
N abundances of planets after the late accretion, we calculated the evolution of
the masses and compositions of the atmospheres on the terrestrial planets. The
partial pressure and mass of each component at every step were obtained by
solving Equation s 1 and 2.
Table 2 summarizes the values of input parameters applied in the simulations
for the three standard planet models according to model descriptions in Section
2. The results in the standard models are shown in Figures 4–7.
Figure 3 shows the atmospheric evolution and the volatile abundances in the
all reservoirs on Venus, Earth, and Mars. The abundances of three components
during the late accretion are plotted as a function of the ratio of the cumulative
impactor mass to the planetary mass. The initial atmospheric pressure of 0.1
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Table 2: Input parameters for standard models
Venus model Earth model Mars model
Planetary radius Rt 6010 km 6370 km 3390 km
Planetary mass Mt 4.87×10
24 kg 5.97×1024 kg 6.39×1023 kg
Surface temperature T 2500 K 288 K 223 K
Pressure upper limit P critCO2 none 1 bar 3 bar
Pressure upper limit P critH2O none 1.7× 10
−2 bar 3.9× 10−6 bar
(a) Venus model (b) Earth model (c) Mars model
atmosphere
all reservoirs
atmosphere
all reservoirs
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b
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/g
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]
Figure 3: The evolution of the abundances of CO2, H2O, and N2 on the early terrestrial
planets during the late accretion as a function of the cumulative impactor mass hitting each
planet. Solid lines correspond to the amount in the atmosphere and dashed lines correspond to
the amount in all reservoirs on each planet. Plotted abundances are scaled by each planetary
mass. (a) The results of the standard Venus model. Colors represent each volatile component:
CO2, H2O, and N2. Surface temperature: T = 2500 K, Impactor: Enstatite chondrite-like
composition. Pressure limits: none. (b) The results of the standard Earth model. Surface
temperature: T = 288 K, Impactor: Enstatite chondrite-like composition. Pressure limits:
P crit
CO2
= 1 bar, P crit
H2O
= 1.7× 10−2 bar. (c) The results of the standard Mars model. Surface
temperature: T = 223 K, Impactor: Enstatite chondrite-like composition. Pressure limits:
P crit
CO2
= 3 bar, P crit
H2O
= 3.9× 10−6 bar.
bar was assumed. The partial pressures of particular components – CO2 on
Earth and H2O on Earth and Mars – reached their upper limits, which are
the critical upper limits by condensation, coagulation, and carbonate formation
and so their abundances in the atmospheres stopped to increase. It means
that the phase equilibrium between gas and liquid or solid was attained for
CO2 and H2O on Earth and H2O on Mars. The other partial pressures and
abundances in the atmosphere increased rapidly at the early phase because the
volatile supply dominated. They subsequently reached a steady state. These
steady states correspond to the balance between atmospheric supply and loss.
The total abundances of each component are also plotted in Figure 3. Since the
amounts of CO2 and H2O exceeded the upper limits of partial pressures, they
started to be partitioned into the solid or liquid reservoirs so that large amounts
of CO2 and H2O were preserved on Earth and H2O on Mars.
Figure 4 compares the evolution of N2 mass on Venus, Earth, and Mars in
the standard models. The ratio of N2 mass to the planetary mass is plotted
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Figure 4: The evolution of N2 mass of Venus, Earth, and Mars during the late accretion as
a function of the cumulative impactor mass. 1% of the planetary mass (gray vertical line)
corresponds to the end of the late accretion. Colors represent each planet: Venus (yellow),
Earth (green), and Mars (magenta). Both the plotted cumulative impactor mass and N2 mass
are divived by each planetary mass.
as a function of the ratio of the cumulative impactor mass to the planetary
mass from 0% to 2%. The resulting N2 mass (scaled by the planetary mass)
of the Mars model is about twice as large as that of Venus and Earth. It
suggests that Mars obtained more noble gases and N than Venus and Earth
during the late accretion, which is inconsistent with present-day atmospheres
(Figure 1). This is because Mars’ size and the ratio of mass to surface area are
smaller than those of Venus and Earth. We will discuss this point further in
subsection 4.1. The N2 mass of Venus obtained in the simulation is also larger
than Earth, but the difference was less than twice as much. The loss of N2 from
Venus was suppressed by no element partitioning. However, this effect was
compensated by the higher temperature and density of the atmosphere, both
of which enhanced the atmospheric erosion. The dependence on the surface
temperature will be shown in subsection 3.3. The effect of the total atmospheric
mass on the atmospheric erosion will be discussed in subsection 4.2.
3.2. The effect of element partitioning
To investigate the effect of element partitioning on the abundances of noble
gases and N acquired by terrestrial planets, we calculated the cases without up-
per limits of partial pressures for Earth and Mars. In other words, we assumed
no partitioning of volatiles into liquid or solid phase on Earth and Mars. Figure
5 compares the results of the Earth model and Mars model. In the model where
the upper limits on the partial pressures of CO2 and H2O were assumed, the
resulting N2 mass is ∼40% and ∼15% smaller for Earth and Mars, respectively,
than it is in the model where no upper limit was assumed. This result suggests
that the abundances of noble gases and N on planets decreases due to element
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Figure 5: Effect of element partitioning on the final N2 abundance for Earth and Mars. The
magenta lines correspond to the evolution of N2 mass on Mars and green lines are that on
Earth. Solid lines correspond to the cases with the critical partial pressures of CO2 and H2O,
and the dashed lines show the cases without the upper limits.
partitioning of other volatiles into liquid or solid phase during the late accre-
tion. This is because the ratio of such inert gases in the atmosphere increased
when some main components (CO2 and H2O) are hidden into other reservoirs.
Because the erosion efficiency is proportional to the abundances of each species,
a larger amount of inert gases was lost. However, the differences of resulting
N2 masses are not sufficiently large to explain that of present-day atmospheres.
One cause of the small effect of element partitioning is the dependence of the
atmospheric erosion efficiency on the atmospheric mass, which will be shown in
subsection 4.2. The N2 mass evolution also depends on free parameters such as
the upper limits of partial pressures and the surface temperature. The depen-
dences on these parameters will be shown in the next section.
3.3. The dependences on temperature and upper limit of partial pressure
We changed the free parameters in our model over a range of realistic set-
tings for the early terrestrial planets. Figure 6(a) shows the dependence of the
N2 mass on the surface temperature on Venus. We used values from 735 K,
which is the present-day mean surface temperature on Venus (Marov, 1978),
to 2500 K. The high temperature case resulted in less remaining N2, but the
difference between the resulting N2 masses was less than 20%. This is because
the atmospheric erosion efficiency has a small positive dependence on the scale
height H and H becomes higher with increased temperature.
Figures 6(b) and 6(c) shows the dependence of the N2 mass on the upper
limit of partial pressure on Earth and Mars. We changed the value of the
upper limit of CO2 partial pressure from 0.1 bar to 10 bar on Earth and from 3
bar to 6 mbar on Mars, where the latter corresponds to the mean atmospheric
pressure on current Mars (e.g., Jakosky and Phillips, 2001). In the case where
we assumed a smaller upper limit, a smaller N2 mass was obtained. When
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(a) Temperature (Venus model) (b) Pressure limit (Earth model)
(d) Impactor composition(c) Pressure limit (Mars model)
Figure 6: The evolutions of N2 abundance as a function of cumulative impactor mass in the
parameter research. (a) Dependence of final N2 mass on surface temperature on Venus. The
yellow area is for Venus model with the surface temperature from 735 K (yellow line) to 2500
K (orange line). N2 mass evolution of Earth (green line) and Mars (magenta line) model are
also plotted. (b) Dependence of final N2 mass on the upper limit of CO2 partial pressure
on Earth. The green area represents the range of N2 mass obtained in Earth model with
the upper limit of CO2 partial pressure P critCO2
ranging from 0.1 bar (dark green line) to 10
bar (light green line). N2 mass evolution of nominal Venus (yellow line), Earth (green line,
P crit
CO2
= 1 bar), and Mars (magenta line) models are also plotted. (c) Dependence of final
N2 mass on the upper limit of CO2 partial pressure on Mars. The magenta area represents
the range of N2 mass obtained in Mars model with the upper limit of CO2 partial pressure
ranging from 6 mbar (purple line) to 3 bar (magenta line). N2 mass evolution of Venus (yellow
line) and Earth (green line) models are also plotted. (d) Same as Figure 4, but for the case
with the impactor containing volatiles by XC = 1, which corresponds to the carbonaceous
chondrite-like impactor.
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the upper limit of CO2 partial pressure is smaller, the amount of CO2 in the
atmosphere diminishes and, consequently, the relative abundance of N2 becomes
larger. The larger amount of N2 would be removed by the atmospheric erosion
by expanding vapor plumes (see subsection 4.1). The N2 mass of the case setting
P critCO2 = 10 bar on Earth was almost the same as that of the Venus model and
the final amount of N2 differed by twice as much within the parameter range
for Earth. The N2 mass on Mars obtained in the case of P
crit
CO2
= 6 mbar was
still larger than that of the Earth model. The differences between the final N2
masses of the three planets are still small. The dependence on the upper limit
of partial pressure turned out to be less important for the final amount of N2.
These results showed that the effect of element partitioning on the early ter-
restrial planets is insufficient to reproduce the present-day atmospheres in spite
of considering the large parameter ranges. Though we neglected the evolution of
surface environments through time, our parameter survey shown here suggests
that the gaps in noble gases and N abundances is difficult to be reproduced even
with the evolving surface conditions.
3.4. Impactor composition dependence
Figure 6(d) shows the same scenario as given in Figure 4, but for the case
with a volatile-rich impactor. We treated the volatile abundance in an impactor
as a parameter by using the parameter XC (subsection 2.4). In this case for
the carbonaceous chondrite-like composition, we assumed XC = 1. Compared
to Figure 4, the resulting N2 mass on each planet increased by an order of
magnitude, but the relative differences between Venus, Earth, and Mars were
almost the same. We found that the difference in the final N2 mass (scaled by
the planetary mass) between Venus, Earth, and Mars is smaller than an order
of magnitude regardless of the impactor composition.
We also calculated the evolution for the case XC = 0.01, where impactor
contains a much smaller amount of volatiles than the nominal model. The results
of these calculations and the abundances of N in the present-day atmospheres
are compared in Figure 7. Though the resulting N2 mass varied by orders of
magnitude depending on the assumed XC values, we found that the difference
in N2 masses scaled by planetary masses between three planets is too small
to reproduce the difference between present-day Venus, Earth, and Mars in all
cases.
4. Discussion
4.1. Analysis of the difference in N2 mass in the numerical model
The effect of element partitioning was shown in subsection 3.2. Condensa-
tion, coagulation, and carbonate formation of CO2 and H2O induced a higher
concentration of noble gases and N in the atmosphere. Subsequently, a larger
amount of noble gases and N was eroded. In the model where the lower upper
limit of partial pressure was assumed, this effect becomes more efficient because
of the higher concentration of N2 (see subsection 3.3).
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Figure 7: The final abundances of N after the late accretion (Σimp = 0.01Mt) in the cases
assuming impactor composition of XC = 1, 0.1, and 0.01. The abundances in the present-day
atmosphere on each planet are also plotted (Pepin, 1991). The plotted N2 mass is scaled by
each planetary mass. We note that the abundances of noble gases are assumed to vary in
proportion to those of N.
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However, the effect of element partitioning on atmospheric evolution was
found to be insufficient to explain the differences in abundances of noble gases
and N in the present-day atmospheres on Venus, Earth, and Mars. The resulting
N2 mass on Mars even exceeded that on Venus in spite of the assumption of the
upper limits on partial pressures.
First, we show how the resulting N2 mass should differ between the three
planets considering their differences in size without the effect of element parti-
tioning. The N2 mass scaled by the planetary mass can be transformed as,
matm,N2
Mt
=
4piR2tHρ0XN2
Mt
∝
ρ0
R2tρ
2
t
, (15)
where XN2 is the ratio of N2 in the atmosphere, ρ0 is the atmospheric density, ρt
is the planetary mean density, and Rt is the planetary radius. In the derivation,
we used the definition of the scale height H = kBT
m¯g
, where kB is the Boltzmann
constant, and g is the gravitational acceleration. The ratio of the N2 mass to
the planetary mass is proportional to ρ0/(R
2
tρ
2
t ). Equation 15 shows that the
scaled N2 mass on each planet is determined by ρ0/(R
2
tρ
2
t ).
Here we analytically estimate the difference in the scaled N2 mass between
Earth and Mars. Our standard model showed that ρ0 in the steady state is ∼4.4
times smaller on Mars than on Earth. The difference is likely to be caused by
the smaller gravity of Mars. In contrast, the denominator R2tρ
2
t is ∼6.9 times
smaller on Mars than on Earth. Consequently, the scaled N2 mass mN2/Mt on
Mars is ∼1.6 times larger than that on Earth. This means that, even though
the small gravity of Mars resulted in the smaller ρ0, the scaled N2 mass became
larger because Mars has a larger ratio of surface area to planetary mass than
Earth.
In other words, for a given mN2/Mt, a larger planet has a larger ρ0 because
of the smaller ratio of the surface area to the planetary mass. The larger ρ0
allows more efficient removal of the atmosphere due to atmospheric erosion. As
a result, the larger the planet we assumed, the smaller mN2/Mt we obtained in
the steady state. This is the reason why Mars obtained the largest amount of
N2 in our model.
4.2. Analysis of the effect of element partitioning
Next, we discuss why the effect of element partitioning was limited in our
numerical model. In the calculations, we found a relationship between the N2
mass and the total atmospheric mass at the steady state. Figure 8 shows the
relationship of the N2 mass and the atmospheric mass at the steady state in
log-scale. The power law index of the slope was ∼0.2, which means that the
dependency on the atmospheric mass is,
mN2,steady ∝ m
0.2
atm,steady, (16)
where mN2,steady and matm,steady are the N2 mass and atmospheric mass at the
steady state, respectively. The balance between the volatile supply and loss in
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N2
 > matm
0.3 bar
1 bar
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5 bar
no upper limit
Figure 8: N2 mass in the steady statemN2,steady as a function of total atmospheric mass at the
steady state matm,steady for the Earth model varying the upper limit of CO2 partial pressure
as P crit
CO2
= 0.3 bar, 1 bar, 1.5 bar, 5 bar, and the case without upper limit of CO2 partial
pressure. The yellow line is the linear fitting line. The gray area represents an impossible
situation (mN2 > matm).
the steady state should satisfy the following equation,
(1− ζ)xN2 = η ·
mN2,steady
matm,steady
. (17)
The volatile abundance in an impactor xN2 is constant and the impactor’s es-
caping efficiency ζ is almost independent of matm in our model. The N2 mass at
the steady state mN2,steady on the right-hand side is proportional to m
0.2
atm, and
Equation 17 suggests that the atmospheric erosion efficiency η is proportional
to m0.8atm.
Here, let us think about the behavior of the atmospheric evolution in our
model. Early in the late accretion, the amount of atmosphere was still small
and increased rapidly because the atmospheric supply was dominant. Later,
the volatile supply and the loss were balanced. Since the volatile abundance in
impactors was assumed to be constant and the impactor’s escaping efficiency is
almost independent of the atmospheric mass, the atmospheric erosion efficiency
should have increased with the increase of atmospheric mass to reach the steady
state.
Figure 9 shows the relationship of the η and the atmospheric mass matm in
log-scale. Indeed, the atmospheric efficiency increased with atmospheric mass,
and the slope was 0.8 as expected. We note that, if each impact has removed
part of the atmosphere in a geometrically identical figure, this slope should be
1. A smaller slope of 0.8 suggests that the larger amount of atmosphere reduced
the escaping area.
Introducing the element partitioning in our model increased the N2 abun-
dance in the atmosphere and enhanced N2 removal. However, the elemental
partitioning also decreased the atmospheric mass, which resulted in a decrease
in the efficiency of atmospheric erosion. These two competing effects led to the
limited influence of element partitioning on N2 mass as observed in our model.
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Figure 9: The dependency of the atmospheric erosion efficiency η on the atmospheric mass
matm. The green plots correspond to the value of η in the Earth model without upper limit
of partial pressure, and the yellow line is the linear fitting line.
4.3. The survival of the primordial atmosphere on Venus
We assumed a thin initial atmosphere with the total pressure P = 0.1 bar
in our model. In the steady state, where the partial pressure profiles show
horizontal lines, the atmosphere is suggested to have almost been completely
exchanged. Therefore, the contribution of the initial atmospheric pressure to
the final pressure is found to be small and the volatiles provided in the late
accretion should be dominant in the present-day atmosphere. However, the
results also showed that the atmospheres on the terrestrial planets in the steady
state do not reproduce the differences in noble gases and N abundances between
Venus, Earth, and Mars.
One possible scenario to explain the difference between Venus and our model
is the survival of the primordial atmosphere on Venus (Pepin, 1991; Genda and
Abe, 2005). In order to investigate the condition for the primordial component
to survive during the late accretion, we calculated the atmospheric evolution
on Venus in the models where we started from the higher initial atmospheric
pressure. Figure 10 shows the N2 mass in the cases with the initial pressure from
0.1 bar to 1000 bar. N2 mass profiles for each initial condition were converging
on the steady state in both figures. The N2 masses approached the steady value
regardless of the initial condition. However, we note that the N2 mass has not
completely reached the steady state at the end of the late accretion. In the case
starting with a 500 bar atmosphere, the N2 abundance at the end of the late
accretion was more than twice as large as that of the case with 0.1 bar. This
result suggests that the survival of the primordial atmosphere through the late
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Figure 10: Dependences of final N2 mass on the initial atmospheric pressure on Venus. The
line color corresponds to the initial total pressure: 0.1, 50, 100, 500, and 1000 bar. The
impactor composition: XC = 0.1, which corresponds to the enstatite chondrite-like impactor.
Settings are same as Venus standard model. 1% of the planetary mass (gray vertical line)
corresponds to the end of the late accretion.
accretion may have significant influence in the existence of the noble gases and
N enrichment in the atmosphere of Venus.
4.4. The effect of the existence an ocean
Genda and Abe (2005) demonstrated that the atmospheric loss during a
giant impact was enhanced due to the presence of an ocean on early Earth. A
ground motion by an impact induces complete vaporization of the ocean and
the vapor pushes out the atmosphere. The CO2-ice and H2O-ice on Mars might
experience the same process as an ocean. While we neglected it in our model,
the effect of ocean and ice vaporization on atmospheric erosion might have also
been significant during the late accretion.
4.5. Atmospheric escape due to solar extreme UV and wind
The difference in the abundances of noble gases and N between current Mars
and our model might be caused by atmospheric escape due to solar extreme UV
and wind. Noble gases (Ne, Ar, and Xe) and N in the Martian atmosphere have
been known to be isotopically fractionated, which suggests the contribution of
these atmospheric escape processes (Jakosky and Phillips, 2001; Jakosky et al.,
2017; Kurokawa et al., 2018). The atmospheric evolution models considering
such isotopic fractionation suggested that Mars had a dense atmosphere whose
atmospheric pressure was higher than 0.5 bar at 4 Ga (Kurokawa et al., 2018).
This amount of atmosphere can be removed by ion pick-up sputtering induced by
the solar wind (Jakosky et al., 2017). We note that hydrodynamic escape caused
by solar extreme UV might have also influenced noble gases and N budgets on
Earth and Venus, though their heavy-isotope enrichment is less remarkable than
the case of Mars (e.g., Pepin, 1991; Gillmann et al., 2009).
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4.6. Upper limit of the impactor size distribution
In our model, the impactor size distribution is proportional to impactor
diameter as dN(D) = dD/D3. We assumed the maximum size of D = 1000 km.
In the assumed impactor-size distribution and total mass, the size of impactor
that collides just once is D ∼900 km for Earth and Venus and D ∼500 km for
Mars. Therefore, our statistical treatment is fair for Earth and Venus.
In the case of Mars, the lower maximum size of impactors might have slightly
enhanced the atmospheric erosion on Mars as small impactors dominate the
atmospheric erosion, whereas the supply of volatile exceeds the erosion for large
impactors (Schlichting et al., 2015). We found that assuming the maximum size
of D = 500 km reduced the resulting N2 mass on Mars by a factor of ∼2, which
is insufficient to reproduce the gaps between three planets. Therefore, it does
not influence our conclusions.
4.7. Volcanic and impact-induced degassing
Volcanic and impact-induced degassing were not treated in our model, but
they would hardly change the results. The small dependence of the remaining
N2 mass on CO2 and H2O pressure limits suggests that the degassing of CO2
and H2O does not help to reconcile the gaps in noble gases and N. The differ-
ence in the efficiency of N degassing might explain the gaps in N abundances
between Earth and Venus (Wordsworth, 2016). However, because the pattern
of noble gas abundances in Earth’s mantle is different from that in the atmo-
sphere (Marty, 2012), the gaps in noble gases cannot be explained. We note
that volcanic degassing of CO2 was implicitly assumed for Earth as a part of
carbon-silicate cycle.
4.8. Various scenarios of planetary and atmospheric formation
There are various planet formation scenarios such as the traditional model,
Nice model, and Grand Tack model (e.g., Kokubo and Ida, 1998; Walsh et al.,
2011).
Hansen (2009) built a successful planetary formation model with all of the
mass initially confined to a narrow annulus between 0.7 and 1.0 au, where Venus
and Earth are orbiting. Mercury and Mars can form from material diffusing out
of the annulus in their model. In this scenario, fewer objects would have hit Mars
compared to Venus and Earth, suggesting a smaller amount of noble gases and
N might have been obtained. The distributions of impact velocity might also
differ from our model. The ambiguity of input parameters is still controversial.
By considering the ambiguity of input parameters and the dependencies
on parameters showed in the subsections 3.3 and 3.4, we calibrated the initial
condition to reproduce the abundances of noble gases and N of the present-day
atmospheres on the terrestrial planets.
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Figure 11: Same as Figure 4, but for the case that assumed special conditions on each planet:
low surface temperature T = 2000 K and volatile-rich impactor (XC = 1) for Venus, a medium
composition impactor (XC = 0.3) for Earth, low CO2 critical pressure limit P
crit
CO2
= 6 mbar
and volatile-poor impactor (XC = 0.1) for Mars.
Figure 11 shows the N2 mass evolutions of Venus, Earth, and Mars setting
special initial conditions based on one possible scenario. We assumed differ-
ent compositions of the late accretion impactors for each planet by setting the
abundance of volatiles in an impactor to XC = 1 on Venus, XC = 0.3 on Earth,
and XC = 0.1 on Mars. Furthermore, several additional restrictions on initial
conditions were assumed as follows: low surface temperature T = 2000 K and
high initial total atmospheric pressure of 500 bar on early Venus, and low upper
limit of CO2 partial pressure P
crit
CO2
= 6 mbar on early Mars.
In this special case, compared to Earth, Venus acquired roughly one order
of magnitude more, and Mars was provided with ∼70% less N2. This result
suggests that the differences in the abundances of noble gases and N in the
atmospheres on Venus, Earth, and Mars can be reproduced by considering the
special conditions. On the contrary, asteroids falling on Mars are thought to
be richer in volatiles than those on Venus or Earth in the standard planet
formation theory. Therefore, some additional mechanisms are needed to realize
such special conditions, which provides different composition impactors to each
terrestrial planet.
We note that the special conditions discussed above were required chiefly
because of Mars. The gaps in the abundances of N and noble gases between
Venus and Earth can be at least partially reproduced by a lower surface tem-
perature on Venus and a smaller upper limit of CO2 partial pressure on Earth
(subsection 3.3). However, the low abundances on Mars cannot be reproduced
without the difference in the impactor composition in our model (Figure 11).
The difficulty to reproduce Martian atmosphere was mainly caused by the large
ratio of the surface area to the planetary mass (subsection 4.1).
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5. Conclusions
We investigated the effect of element partitioning at the surface of early
terrestrial planets on atmospheric evolution. We modeled the impact degassing
and atmospheric erosion during the late accretion. In our model, a state of
runaway greenhouse on Venus, carbon-silicate cycle and existence of oceans on
Earth, and CO2-ice and H2O-ice formation on Mars were assumed by setting
upper limits to the partial pressures of CO2 and H2O on Earth and Mars.
The amount of noble gases and N obtained at the steady state decreases by
∼40% and ∼15% for Earth and Mars respectively due to the effect of element
partitioning. The effect alone was found to be insufficient explanation for the
distinct differences – roughly two orders of magnitude – in the abundance of
noble gases and N between the atmospheres of Venus, Earth, and Mars. The
element partitioning enhanced N2 removal and it also decreased the atmospheric
mass. The atmospheric erosion efficiency depends on the atmospheric mass and
so the influence of elemental partitioning on N2 mass was limited.
As a result, the amount of N2 obtained by Mars was about twice as large
as that of Venus and Earth. We found that the N2 mass scaled by planetary
mass is determined by ρ0/(R
2
tρ
2
t ). Therefore Mars obtained a small amount of
N2 due to the larger ratio of surface area to planetary mass. The atmospheric
evolution also depends on input parameters. The high temperature and low
upper limits of the partial pressures case resulted in less remaining N2 remained.
However, it is difficult to reproduce the distinct gaps between the abundances
of noble gases and N in the three planets’ present-day atmospheres even if
we considered a wide parameter space. This suggests that the survival of the
primordial atmosphere through the late accretion on Venus, and the atmospheric
escape by solar extreme UV and wind on Mars should partially account for the
present-day atmospheres.
Appendix A. Size distribution dependence
Since the origin of the late accretion impactors is unknown, the size dis-
tribution of the impactors was also treated as a parameter. We assumed the
projectile size distribution dN/dD ∝ D−p, where dN is the number of objects
of diameter D within a bin dD, and p is the power law index. According to the
model by Bottke et al. (2005), the size frequency distribution of the asteroid
belt is roughly proportional to D−3(p = 3) and we used this distribution in our
model.
We varied the value of the power law index p = 2.0, 2.5, 3.0, 3.5, and 4.0.
Low p (< 3) values correspond to shallow size distributions where most of the
mass of the impact population is in the large projectiles, whereas high p (> 3)
values correspond to a steep slope where the small projectiles dominate the
total impactor mass. Figure A.12 shows the resulting atmospheric masses of
these simulations for Earth. For other input parameters, we used the values
of the Earth model. The steep size distribution impactor with high p (> 3),
containing a large amount of small projectiles, strongly eroded the vapor plume
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Power law index of size distribution
Figure A.12: Dependence of final atmospheric mass on the impactor size distribution. The
power law index of impact size distribution p is defined as dN(D)/dD ∝ D−p and this
figure plotted the atmospheric mass at the point of 1% of planetary mass impact for p =
2.0, 2.5, 3.0, 3.5, and 4.0. The value p = 3.0 corresponds to the size distribution of the
present-day main belt asteroids (Bottke et al., 2005).
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and left a thin atmosphere behind. Considering the impactor size distribution
with p = 4.0, the resulting atmospheric mass at the point of 1% of planetary
mass impact – which corresponds to the end of the late accretion – was a much
smaller amount than that for p = 3.0 by several orders of magnitude. This is due
to the dependence of atmospheric erosion on the impactor size. We found that
an impactor of several kilometers in diameter is most efficient for atmospheric
erosion due to maximizing the value of atmospheric erosion efficiency η.
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